I. INTRODUCTION
State of the art silicon-germanium (SiGe) heterojunction bipolar transistor (HBT) technologies are combined with standard silicon (Si) complementary metal oxide semiconductor devices (so called BiCMOS technologies) to realize high levels of integration and functionality on single digital systems on chip for wireless and broadband communication.
1,2 High-speed SiGe:C HBT BiCMOS technology can be fabricated up to cut-off frequency (f T )/maximum frequency of oscillation/common-emitter breakdown voltage (BV CEO ) values of 300 GHz/500 GHz/1.6 eV. 3 Future developments could reach even higher frequency values, entering further into the terahertz regime. To reach maximum device performance, HBTs run in reverse bias at the collector-base (CB) junction with large current densities. In this condition, the CB electric field increases and the carrier transit time over the junction will be reduced. But in contrast to this positive effect, avalanche breakdown will be increased due to increased impact ionization in the collector. So by increasing f T , we observe a drop of BV CEO as described in the Johnson limit. 4 This trade-off behavior makes it difficult to combine high-speed with high-power performance for SiGe:C HBTs.
To counteract this effect, one possible approach is to change the Si-based collector material of the HBT device toward new material compounds with suitable properties to improve f T and BV CEO simultaneously. Here, indium gallium phosphide (InGaP) is identified as potential collector material to replace Si in future SiGe HBTs, creating so called III-V/Si hybrid devices. 5, 6 Table I shows the main physical parameters of the binary materials InP and GaP (at 300 K), important for SiGe HBT speed and power performance increase, in comparison to Si. 7, 8 On the one hand, InP has a three times higher saturation velocity than Si, offering the potential to increase the HBT speed performance by reducing the CB junction transit time. On the other hand, the wide bandgap semiconductor GaP with a two times bigger bandgap than Si decreases impact ionization rates in the collector, offering that way promising parameters to increase HBT power performance. In other words, ternary In 1Àx Ga x P (x ¼ 0À1) systems as potential collector material provide the vision to adjust speed and power of HBTs in a flexible way as a function of chemical composition x.
InGaP growth on thin (%20 nm) pseudomorphic SiGe/ Si(001) for potential HBT application was not reported in the literature so far. Interestingly, Fitzgerald et al. reported the growth of InGaP heterostructures on Si substrates using a relaxed thick (>1 lm) graded SiGe buffer to setup virtual InGaP substrates for LED applications. 9 In this paper, we present a growth and material science characterization study of GaP/SiGe/Si(001) heterostructures as a starting point for evaluating InGaP as a potential SiGe HBT collector. GaP is chosen as starting point due to its small lattice mismatch with respect to Si (0.36% at 300 K) ( Table I) . As known from GaP on Si growth studies for photonics and microelectronics, 6, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] heteroepitaxy challenges for achieving high quality GaP/ SiGe/Si(001) heterostacks are given by crystallographic and thermal lattice mismatch, polar/non-polar interfaces, 3D After RCA cleaning, the Si(001) surface was covered by a defined oxide layer, which was removed subsequently by a prebake in the ASM Epsilon 2000 lamp-heated single wafer reduced pressure chemical vapor deposition (RPCVD) chamber at 1000 C for 10 min in H 2 . This rather long annealing time was necessary to additionally ensure the creation of preferred double atomic steps on the surface. 11, 17, 25 Afterwards, 20 nm pseudomorphic Si 0.8 Ge 0.2 was grown by RPCVD on top of the Si(001) wafers at 600 C growth temperature and 80 Torr chamber pressure, applying H 2 as carrier gas for the reactant gas sources SiH 4 and GeH 4 .
B. GaP deposition
Before subsequent GaP deposition, the 4 off-oriented Si 0.8 Ge 0.2 /Si(001) substrates (cut in 1 Â 1 cm 2 pieces) were cleaned again in a RCA solution combined with HF last clean and then transferred into a Riber Compact 21 GSMBE UHV system for 15 min bake-out at 800 C. Using 4 off-oriented substrates associated with a bake-out is a wellknown method to reduce APD formation during III/Vdeposition. 11, [14] [15] [16] [17] [18] [19] [20] After pretreatment, 170 nm GaP was deposited on top of Si 0.8 Ge 0.2 /Si(001) substrates, using phosphine gas (PH 3 ) thermally cracked at 920 C and elemental Ga as source materials. The temperature and dose profile of the GaP growth procedure is illustrated in Fig. 1 : First, a two-monolayer (ML) Ga prelayer was created by opening the shutter for 6 s at Ga temperature (T Ga ) of 830 C and substrate temperature (T sub ) of 400 C. Afterwards, continuous gas flow of 4 sccm PH 3 was applied. Further GaP growth was initiated by two successive growth steps: In the first low-flux growth step, the adjusted T Ga and T sub parameters were kept constant and a growth circle with a 3 s open Ga shutter and a subsequent 1 s break for all 60 cycles was used to grow a closed GaP seed layer. In the second high-flux growth step for faster GaP growth, the temperature for Ga crucible and substrate were increased to 890 C and 450 C correspondingly, using this time a growth cycle with a rotation of 1 s open Ga shutter and a subsequent 1 s break for all 600 remaining cycles.
C. Characterization
A SmartLab diffractometer from Rigaku equipped with a 9 kW rotating anode Cu source (Cu a ¼ 0.1541 nm) was used to apply X-ray diffraction (XRD) measurements on the GaP/Si 0.8 Ge 0.2 /Si(001) heterostructure. High resolution XRD curves were recorded using a Ge(400) Â 2 collimator crystal behind a x-ray mirror and a Ge(220) Â 2 crystal analyzer. Both specular h/2h and in-plane XRD measurements were performed with a 0.114 soller slit on detector side. Pole figures were measured without crystal collimator and 0.5 soller slits on source and detector side. All measured samples were adjusted in such a way that the normal of the (004) net plane is parallel to the u-axis of the diffractometer. This allows us to measure (004) diffraction curves under symmetrical as well as asymmetrical Bragg condition depending on the chosen u-direction. To perform in situ temperature dependent XRD studies under 1 bar N 2 atmosphere, a DHS 1100 furnace (Anton Paar) was mounted on the SmartLab diffractometer. Veeco Digital Instruments Dimension 5000 atomic force microscope (AFM) and a Philips CM 200 transmission electron microscope (TEM) operating at 200 kV were used to gain additional information about surface topography, crystal quality, and defect formation. Dark field high resolution TEM (HRTEM) imaging was performed in a JEOL 3010 UHV TEM microscope operating at 300 kV. All TEM lamellas were prepared by mechanical thinning followed by an argon ion milling process.
III. RESULTS AND DISCUSSION

A. Theory
We start our evaluation study of GaP/Si 0.8 Ge 0.2 /Si(001) heterostructures for potential HBT applications by theoretical consideration of critical thickness for pseudomorphic GaP growth on pseudomorphic Si 0.8 Ge 0.2 /Si(001) substrates. Figure 2 shows the critical thickness (h crit ) values of GaP on Si for different lattice mismatch calculated from the equilibrium theory for strain relaxation in metastable heteroepitaxial semiconductor structures, following the approach by Fischer et al. 26 Accordingly, h crit is given by
Critical thickness of GaP on Si
where f is the lattice misfit, b is the magnitude of the Burgers vector of the dislocations ( (Fig. 2 ). In comparison with published experimental data for GaP/Si(001) systems, h crit is reported to vary between 45 and 95 nm, 28, 29 consistent with the magnitude of our theoretical result. Although the calculated value here is a thermodynamical value and experimental parameters are usually higher due to kinetic hindrance for defect injection in pseudomorphic layers, h crit value of GaP might be too low, as typical HBT designs require a collector thickness in the range of several hundred nanometres. [1] [2] [3] In this respect, it is interesting to point out ( Fig. 2 ) that nitrogen incorporation in GaP can be used to reduce the misfit and thus to substantially increase h crit .
30,31 Figure 2 shows the decrease of lattice mismatch as a function of N-content in GaP 1Àx N y systems. For example, h crit moves to %300 nm for %1.57% N incorporation where the lattice mismatch of GaP 1Àx N y with Si decreases to 0.09%. Next, after these theoretical considerations, we present the experimental results of the GaP/ Si 0.8 Ge 0.2 /Si(001) heterostructure study.
B. Experimental results
Investigation of thermal budget
An XRD thermal budget study was performed to ensure that GaP growth does not induce relaxation processes in the pseudomorphic 20 nm Si 0.8 Ge 0.2 /Si(001) substrate (Fig.  3(a) ). For this reason, pseudomorphic 20 nm Si 0.8 Ge 0.2 / Si(001) samples were annealed in an ex situ furnace for 30 min in N 2 atmosphere at temperatures ranging from 500 to 1000
C. Afterwards, specular h/2h XRD measurements in /-position with symmetrical Bragg case were performed to investigate changes in the Si 0.8 Ge 0.2 (004) diffraction curves of the annealed samples with respect to as-grown sample to detect possible relaxation processes.
The samples, annealed between 500 and 900 C, indicate no change in the (004) Bragg peak position of the pseudomorphic Si 0.8 Ge 0.2 . However, at 900 C elevated diffraction minima at the Si 0.8 Ge 0.2 Bragg peak could be observed. Reaching 1000 C, a clear shift of the Si 0.8 Ge 0.2 (004) peak toward a larger angle closer to the Si(004) peak position is visible. Three insights can be gained from this analysis. Firstly, applying a thermal budget of up to 800 C does not show any effect of relaxation on the samples and the 20 nm Si 0.8 Ge 0.2 /Si(001) system remains pseudomorphic. Secondly, at 900 C the elevated diffraction minima of the Si 0.8 Ge 0.2 Bragg peak indicate the onset of relaxation processes due to misfit dislocation generation between Si and SiGe. Thirdly, at 1000 C the degree of relaxation of the Si 0.8 Ge 0.2 layer increases strongly and reaches a value of about 60%. This observed behavior is a typical example for relaxation processes in pseudomorphic SiGe/Si layers during annealing. 32 Consequently, it can be concluded that GaP growth temperature on 20 nm Si 0.8 Ge 0.2 /Si(001) must not exceed 800 C to maintain pseudomorphism of the Si 0.8 Ge 0.2 layer on Si(001).
Epitaxy relationship and relaxation characterization
Next, we report the experimental results of 170 nm GaP on 20 nm pseudomorphic Si 0.8 Ge 0.2 /Si(001) heterostructures. To determine the pseudomorphic character of the GaP/ Si 0.8 Ge 0.2 /Si(001) heterostructure, we performed specular h/2h XRD measurements in the /-position with symmetrical Bragg case near the Si(004) Bragg peak position (Fig. 3(b) ). In comparison with Fig. 3(a) ), a broad GaP(004) reflection appears, which is neither situated at its bulk position nor at the value estimated with the help of the Poisson ratio for pseudomorphic GaP. 7 This result indicates that the 170 nm deposited GaP layer is crystalline and (001) oriented, but contains structural defects and grows partially relaxed on the Si 0. 8 (Fig. 3(c) ). Fig. 3(c) ). As a result, no relaxation processes has taken place so that the 20 nm Si 0.8 Ge 0.2 layer remains pseudomorphic on Si(001) after 170 nm GaP deposition. This result is positive for a potential HBT collector application of GaP, which requires a stable pseudomorphic base layer enduring a deposition of several hundred nanometers of collector material on top. [1] [2] [3] In contrast, the deposited GaP layer is characterized by a broad GaP( 2 24) reflection with diffuse scattering, suggesting the presence of structural defects. 33 In addition, the GaP( 2 24) Q x position is partly shifted (toward arrow in Fig. 3(c) ), confirming a partial relaxation of the deposited GaP layer. To determine the relaxation degree in detail, in-plane measurements in /-position with symmetrical Bragg case around the Si(220) peak position were also performed ( Fig. 3(d) ). After all, from the GaP(004) out-of-plane and GaP(220) in-plane peak positions, strain relaxation degree of about 40% was determined for the 170 nm thick GaP film. It is noted, that the experimentally derived Poisson ratio of 0.33, using the in-and out-of-plane lattice constants, fits well to literature. 7, 34 In conclusion, the epitaxial relationship of the single crystalline heterostructure is given by GaP[001];h110ik Si 0.8 Ge 0.2 [001];h110ikSi[001];h110i. While the pseudomorphism of the 20 nm Si 0.8 Ge 0.2 /Si(001) system is maintained during heteroepitaxial overgrowth of 170 nm GaP, the GaP structure itself grows partially relaxed.
Thermal expansion coefficient study
A possible origin of the partial GaP relaxation is the lattice mismatch between GaP and the pseudomorphic Si 0.8 Ge 0.2 /Si(001), which additionally increases at higher temperature due to different coefficients of thermal expansion (CTE). Therefore, we studied the impact of different CTE on the relaxation behavior of a 170 nm GaP/20 nm Si 0.8 Ge 0.2 /Si(001) heterostructure. For this purpose, the sample was placed in a furnace on the SmartLab diffractometer under 1 bar N 2 atmosphere. The sample was heated in 50 C steps up to 550 C and in situ h/2h XRD measurements were performed after 15 min annealing time at every step. Higher postannealing temperatures are not suitable, because uncovered GaP layers start to decompose. 35, 36 After cooling down back to 50 C, a final h/2h XRD measurement was carried out. Figure 4(a) shows only the 50 C, 250 C, 550 C and the back to 50 C results of this experiment for the sake of clarity. Due to increasing annealing temperatures, the (004) peak positions of Si, Si 0.8 Ge 0.2 , and GaP will shift according to their CTE values to smaller angles. However, for a better comparison and depiction of GaP(004) and Si 0.8 Ge 0.2 (004) peak position changes relative to the Si(004) peak, the collected XRD curves were aligned to the Si(004) peak position at 50 C in Fig. 4(a) . Two main insights were drawn from these data. First, the graphs before and after the applied annealing procedure perfectly superimpose. Suppose that the relaxation of GaP occurs at the growth temperature of 450 C by generation of misfit dislocations, the 100 C higher temperature in this experiment and following higher misfit should lead to a continuation of the relaxation process. However, since this is not the case here, a different relaxation mechanism is needed to explain the partial relaxation of GaP. Secondly, the GaP(004) peak position changes with increasing temperature over a higher angular range than the Si 0.8 Ge 0.2 (004) Bragg peak, pointing to a higher GaP CTE value. To derive the CTE values, we plot in Fig. 5(b) the out-of-plane lattice constant of Si, Si 0.8 Ge 0.2 , and GaP from the out-of-plane high temperature in situ XRD study. As all out-of-plane lattice constant values of all three layer materials increase linearly with raising annealing temperature, the linear CTE values were extracted by using the equation 37 
CTE Si
where a is the lattice constant at 300 K and Da the change with increasing temperature. A CTE value of (3.8 6 0.7) Â 10 À6 K À1 was found for Si, which agrees (within the error range) with literature for free standing bulk Si (3.6 Â 10 À6 K
À1
). 38 To derive the CTE values of the thin GaP and Si 0.8 Ge 0.2 layers, we must correct for the influence of the bulk Si substrate by the equation
where a 1,m,T1 is the out-of-plane lattice constant at T 1 , a 0,m,T0 is the in-plane lattice constant at T 0 , and a m,T0 is the value of the bulk lattice constant at T 0 of the top layers (m either Si 0.8 Ge 0.2 or GaP). a Si,T0 and CTE Si,T0 are the lattice constant and the linear CTE of the Si substrate at T 0 , respectively. The Poisson ratio m of the top layer material used in this calculation was taken from the literature (0.28 for Si 0.8 Ge 0.2 and 0.33 for GaP). 7 Using the in-plane lattice constant of Si(001) for pseudomorphic Si 0.8 Ge 0.2 on top and the in-plane lattice constant for GaP measured at 300 K (Fig. 3(d) ), it is possible to derive the linear CTE related to free-standing bulk material averaged over the range from RT to 550 C as CTE Si0.8Ge0.2 ¼ (4.1 6 0.7) Â 10 À6 K À1 and CTE GaP ¼ (5.9 6 0.7) Â 10 À6 K
. In conclusion, although GaP exhibits a higher CTE than Si 0.8 Ge 0.2 and Si, no additional plastic relaxation occurred by the thermal budget applied during the high temperature treatment (up to 550 C; 15 min). Therefore the observed partial relaxation of 170 nm GaP cannot be explained by lattice mismatch effects only and has to follow a different relaxation process mechanism.
XRD defect study
Relaxation processes in semiconductor films are caused by different kinds of defect formation. Plastic relaxations 
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occur due to growth of closed films beyond h crit , creating misfit dislocations on the heterostructure interface. A different possible relaxation mechanism in semiconductor films are coalescence processes of initial 3D islands during growth, which form growth defects like SFs and MTs. 11, 42 To learn more about the influence of these growth defects on the partial relaxation of the GaP structure, XRD was applied for defect characterization. To verify the presence of MTs in the GaP(001) layer, 39 a XRD GaP (1 1 1) pole figure (PF) study was carried out on the same 170 nm GaP/20 nm Si 0.8 Ge 0.2 /Si(001) sample, which was annealed in the thermal expansion coefficient study. Figure 5(a) shows the result of the PF measurement. Due to the fourfold symmetry, four symmetric GaP(111) Bragg peaks at v % 55 were measured (indicated by the red circles), corresponding to the sketched angle between the GaP(001) surface orientation and {111} GaP lattice planes in Fig. 5(b) . Additionally, four symmetrically orientated GaP{111} Bragg peaks with far lower intensity were detected at v % 16 (indicated by black circles and by close-up), matching the sketched angle between {111} MT planes of microtwins and [001] surface normal in Fig. 5(b) . In summary, it can be stated that microtwin formation in the grown GaP(001) layer appears, creating additional {111} MT planes, which are tilted by 39 in the v-direction away from the original {111} planes of the ideal GaP film structure. (Fig. 5(b) ). 39, 40 To study the microtwin formation in GaP layer in more detail, a circular /-scan (0 À360 ) at fixed position v ¼ 16
and on the 2h value of GaP (111) Taking the use of a 4 off-orientated Si(001) substrate into account (Fig. 5(d) ), it is thus demonstrated that microtwin formation along the [110] double step direction (solid arrow directions) is higher in comparison to the [1 10] direction parallel to the step edge (dashed arrow directions). For example, the highest amount of microtwins (A) emerge therefore along the [110] direction oriented away from the double steps. It is noted that this anisotropic behavior of the microtwin formation in GSMBE grown GaP on 4 off-oriented Si 0.8 Ge 0.2 /Si(001) is different from the results observed for GaP on Si grown by MOCVD. 23 Finally, no difference in MT concentration and anisotropic behavior were found comparing as-deposited and annealed samples (data not shown). This result confirms that the applied postannealing process does not reduce the number of existing microtwins. It is noted that one possible and recently reported approach for future attempts to remove microtwins could be laser annealing. 41 
TEM defect study
For a further investigation of the defect structure in the deposited 170 nm thick GaP layers on top of the 20 nm Si 0.8 Ge 0.2 /Si(001) substrate, a cross section TEM study was carried out. Figure 6(a) shows the TEM images of the 
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GaP/Si 0.8 Ge 0.2 /Si(001) 4 -off oriented heterostructure projected along the h1 10i azimuth (parallel to the step edges). The TEM image indicates a very high crystal quality of the Si(001) substrate and Si 0.8 Ge 0.2 layer combined with very sharp interface between these two layers without any visible defects (or residual oxide interfacial layers). Furthermore, Fig. 6(a) depicts a crystalline and continuous GaP layer grown on top of Si 0.8 Ge 0.2 . However, AFM images in Fig. 6(b) show over a bigger scale (2 Â 2 lm 2 ) an increase in surface root mean squared (rms) roughness after GaP deposition from 0.2 nm to 19.6 nm. Most interestingly, the interface between GaP and Si 0.8 Ge 0.2 is more defective than the upper GaP part. Most of these observed defects are annihilated after about 70 nm GaP thickness. Only a few defects, situated on {111} glide planes, are located at larger thicknesses or even reach the surface. This TEM result reports strong evidence that these defects are mainly growth defects. Such growth defects do not nucleate by plastic relaxation of strained, closed 2D thin film structures, but mostly during the coalescence process of a film structure formed by initial 3D island nucleation processes. 23, 24, 42 To determine the interface quality between GaP and Si 0.8 Ge 0.2 in more detail, a HRTEM image is shown in Fig. 6(c) . Firstly, an enlarged section of the GaP/Si 0.8 Ge 0.2 interface is displayed in Fig. 6 (d) to demonstrate the high quality of the GaP/Si 0.8 Ge 0.2 heteroepitaxy. Due to the weak contrast, no clear GaP/Si 0.8 Ge 0.2 interface transition (indicated by arrows) and no double step characteristics resulting from the use of 4 -off oriented substrates can be identified. Secondly, Fig. 6(c) demonstrates in addition that the GaP interface layer contains stacking faults on GaP{111} planes (also indicated by arrows). Some of these propagating stacking faults are annihilated after their creation near the interface by building a triangular structure that inhibits further expansion of this defect. Figure 6 (e) shows as an example an intrinsic stacking fault on a (111) plane. Assuming the normal stacking order ABCABCABC along the [111] direction, stacking disorder is depicted as ABC_BCABCA (A-plane missing). It is noted that no clear indication of misfit dislocations were found in our HRTEM images for the 170 nm GaP/20 nm Si 0.8 Ge 0.2 /Si(001) heterostructure. This is expected because, due to the small lattice mismatch, misfit dislocations are separated by about 152 nm for fully relaxed GaP on pseudomorphic Si 0.8 Ge 0.2 /Si(001). 43 Finally, APD defect characterization of the deposited 170 nm GaP layers was performed using the {002} dark field TEM imaging technique. It is known that {002} reflections are especially sensitive to APDs, revealing this defect type in form of reversed contrast changes. [22] [23] [24] tilted (002) (Fig. 7(a) ) and (00 2) (Fig. 7(b) ) reflections. This dark field image pair confirms the presence of APDs in the GaP layer in form of triangular shaped structures located near the defective GaP/Si 0.8 Ge 0.2 interface by the characteristic contrast change. The APDs are limited by anti-phase boundaries, forming mainly {111} and {211} facets. According to theoretical calculations, {211} facets are energetically favored over {111} facets. 23 However, observed APDs disappear by self-annihilation of crossed anti-phase boundaries after about 70 nm GaP thickness. It is mentioned that, besides APD detection, SF s are found inside and outside of APDs (indicate by arrows in Fig. 7(a) ). It is noted that APD defect free growth of GaP after about 70 nm in our study on 20 nm Si 0.8 Ge 0.2 /Si(001) heterostructure corresponds well to similar results for GaP on Si. [22] [23] [24] Differences in APD defect nucleation might however exist and require further investigation.
IV. CONCLUSION
A heterostructure growth study of GaP on pseudomorphic 4 off-oriented Si 0.8 Ge 0.2 /Si(001) substrates, using a combination of RPCVD for SiGe and GSMBE for GaP deposition, was performed in order to develop a wide bandgap GaP collector concept for future SiGe HBTs. The following main results were reported: However, we did not succeed to establish growth conditions for fully pseudomorphic growth of the heterostructure: Although the 20 nm Si 0.8 Ge 0.2 base stays pseudomorphic underneath 170 nm GaP, the GaP layer grows partially relaxed (% 40%). 4. XRD and TEM revealed that partial relaxation is due to the presence of mainly stacking faults and microtwins, and are primarily located at the GaP/Si 0.8 Ge 0.2 interface region. This result in combination with high temperature XRD studies, which revealed no plastic relaxation within the applied thermal budget, point to the formation of so-called growth defects during the initial 3D island nucleation of the GaP film as the main origin of the partial relaxation process in the GaP thin film. 5. APD-free GaP growth is observed for layer thicknesses beyond 70 nm, in line with the literature for GaP on Si.
Future work will focus on improved 2D GaP layer growth conditions in order to prepare truly pseudomorphic GaP/Si 0.8 Ge 0.2 /Si(001) heterostructures with low defect densities. For this purpose, (selective) GaP heteroepitaxy studies in local HBT Si 0.8 Ge 0.2 /Si(001) mesa structures are currently under way by GSMBE and MOCVD.
